Background: Two understudied risk factors that have been linked to emotional difficulties in adolescence are chronotype and sleep deprivation. This study extended past research by using an experimental design to investigate the role of sleep deprivation and chronotype on emotion in adolescents. It was hypothesized that sleep deprivation and an evening chronotype would be associated with decreased positive affect (PA), increased negative affect (NA), and lower positivity ratios. Methods: Forty-seven healthy adolescents (aged 10-15 for girls, 11-16 for boys) participated in a sleep deprivation and a rested condition. A subsample of 24 adolescents was selected on the basis of extreme morningness or eveningness scores (based on outer quartiles of scores on the Children's Morningness-Eveningness Preferences Scale). PA and NA were measured using the Positive and Negative Affect Schedule for Children, and positivity ratios were calculated by dividing PA by NA. Results: Participants reported less positive affect and lower positivity ratios when sleep deprived, relative to when rested. Evening chronotypes reported less positive affect and lower positivity ratios than morning chronotypes in both rested and sleep deprivation conditions. Conclusions: These findings extend previous research by suggesting that adolescents are adversely impacted by sleep deprivation, and that an evening chronotype might serve as a useful marker of emotional vulnerability. Early intervention and prevention strategies can focus on improving sleep and on using chronotherapy principles to reduce eveningness.
Introduction
Adolescence is one of the most important and vulnerable stages of the lifespan and a time of great vulnerability for developing emotional problems, with rates of psychopathology as high as 20% (Satcher, 1999) . This article will focus on two understudied contributors to emotional difficulties in adolescence; namely, sleep deprivation and chronotype.
Sleep deprivation and affect
Sleep deprivation adversely impacts emotion in adults. For example, Franzen, Siegle, and Buysse (2008) reported increased negative emotion and decreased positive emotion in participants after a night of sleep deprivation. The literature on sleep deprivation in adolescents is small, but growing. Based on correlational research conducted with healthy adolescents, sleep deprivation is associated with more anxious and depressive symptoms (National Sleep Foundation, 2006) . Furthermore, sleep disturbances are common among adolescents with depression (Dahl et al., 1996) and anxiety (Alfano, Ginsburg, & Kingery, 2007) , and a recent longitudinal study showed that reduced sleep in adolescents predicts depressive symptoms (Roberts, Ramsay Roberts, & Duong, 2009) . We have reported elsewhere that sleep deprivation reduces positive affect and increases anxiety in adults and adolescents (McGlinchey et al., 2011; Talbot, McGlinchey, Kaplan, Dahl, & Harvey, 2010) .
Although previous studies on the effects of sleep deprivation have examined positive and negative emotion independently, there is an intriguing and burgeoning literature focusing on the relative balance between positive and negative emotion. For example, Diener (2000) proposed that a high ratio of positive to negative emotion (also known as a positivity ratio) predicts subjective well-being, and Fredrickson and Losada (2005) found that normally functioning adults have a positivity ratio of 2.1-2.3 whereas flourishing adults have ratios higher than 2.9. These findings are framed by Fredrickson's broaden-and-build model of positive emotion, which suggests that positive emotions enhance psychological well-being by broadening individuals' thought-action repertoire and building their personal resources (Fredrickson, 2001) . As negative emotions have greater weight than positive emotions, a high positivity ratio is needed to offset the adverse effects of negative emotions (Rozin & Royzman, 2001 ). Positivity ratios have not yet been examined in the context of sleep deprivation or in adolescents.
Chronotype and affect
Chronotype refers to an individual's preferred sleepwake schedule (Roenneberg, Wirz-Justice, & Merrow, 2003) . There are two primary chronotypes: evening and morning. Evening chronotypes tend to follow a delayed-phase sleep schedule, being more active later in the day and both going to sleep and getting up later, compared with morning chronotypes (Horne & Ostberg, 1976) . There is evidence that the onset of puberty triggers a general preference for eveningness (Carskadon, Vieira, & Acebo, 1993) , although even among adolescents there is much variation in chronotype, possibly with biological underpinnings (Carskadon, 2002) .
Interestingly, an association has been found between an evening chronotype and emotional difficulties during adolescence. Giannotti, Cortesi, Sebastiani, and Ottaviano (2002) found that evening-type adolescents exhibit more anxious and depressed symptoms compared with morning-type adolescents. Moreover, Gau, Soong, and Merikangas (2004) reported that evening-type adolescents exhibit more negative emotion relative to their morning counterparts. Later studies confirmed and extended these findings, noting that evening-type adolescents are also at higher risk for suicidality, have a higher incidence of aggressive and delinquent behavior, and are more likely to have problems in the clinical/borderline range, compared with morning-type adolescents (Gau et al., 2007; Goldstein, Hahn, Hasher, Wiprzycka, & Zelazo, 2007) . Taken together, this evidence suggests that eveningness poses a vulnerability to emotional difficulties during adolescence.
Aims and hypotheses
The present study is predicated on the possibility that evening-type adolescents are doubly vulnerable to emotional difficulties, both because of the correlation between eveningness and emotional problems and because they accrue a higher sleep debt across the week, going to bed later, but getting up for school at the same time as morning chronotypes (Giannotti et al., 2002) . Given that the relevant studies involving adolescents are correlational in design, they preclude causal inferences. The present study sought to extend previous research by employing an experimental design to index affect in adolescents, under both a sleep deprived and a rested condition.
The first aim was to examine the consequences of sleep deprivation on affect in adolescents. Two hypotheses were tested. First, given that studies have shown that sleep deprivation is associated with decreased positive emotion (e.g., Franzen et al., 2008) and increased negative emotion (e.g., National Sleep Foundation, 2006), we hypothesized that in the sleep deprivation condition participants would report less positive affect (PA) and more negative affect (NA), relative to the rested condition. Second, considering that high positivity ratios are related to optimal functioning (Fredrickson & Losada, 2005) and sleep deprivation is related to suboptimal emotional functioning (e.g., Roberts et al., 2009) , we hypothesized that participants would exhibit lower positivity ratios when sleep deprived than when rested.
The second aim was to examine the role of chronotype in the effects of sleep deprivation on adolescent affect. Two hypotheses were tested. First, given that an evening chronotype is associated with emotional difficulties and suboptimal functioning (e.g., Gau et al., 2007) , we hypothesized that evening chronotypes would exhibit less PA, more NA, and lower positivity ratios relative to morning chronotypes, both when rested and when sleep deprived. Second, given the added adverse effect of sleep deprivation on emotion (e.g., Roberts et al., 2009 ), we also predicted that both evening and morning chronotypes would report less PA, more NA, and lower positivity ratios when sleep deprived relative to when rested, but that this effect would be more pronounced in evening chronotypes relative to morning chronotypes.
Methods

Participants
Participants were recruited from fliers posted in the community and from online advertisements. They were included if they (a) did not meet Diagnostic and Statistical Manual of Mental Disorders (4th ed.; DSM-IV; American Psychiatric Association, 1994) criteria for any past or current Axis I disorder, (b) did not meet criteria for any past or current sleep disorder, (c) had no medical conditions, and (d) had no history of head trauma.
A total of 47 healthy adolescents (22 girls ages 10-15, 25 boys ages 11-16, M age = 13.06) completed this study. The age inclusion for girls was set at 1 year earlier on the basis that girls begin puberty one to 2 years earlier than boys (Gordon & Laufer, 2005) . Participants took part in a larger study on the effects of sleep deprivation on emotional functioning in adolescents and adults. We note that two other articles report findings from this study (McGlinchey et al., 2011; Talbot et al., 2010) . The unique contribution of the present article is the focus on chronotype and the outcome measures, which were conceptually and practically difficult to incoporate into the other articles.
The analyses for Aim 1 were based on all 47 participants. To examine the role of chronotype (Aim 2), 24 adolescents were classified as evening-types (n = 13) or morning-types (n = 11) based on the two outer quartiles of the Children's Morningness-Eveningness Preferences Scale (CMEP; . We chose to use an outer quartile split in following the precedent set by previous studies of chronotype in adolescents (e.g., Gau et al., 2004) . Participant characteristics of the full adolescent sample as well as the chronotype subsamples are presented in Table 1 . doi:10.1111/j.1469-7610.2011.02502.x Effects of sleep deprivation and chronotype on adolescent affect
Measures
Kiddie schedule for affective disorders and schizophrenia present and lifetime version (KSADS-PL). The KSADS-PL (Kaufman et al., 1997) , a semi-structured diagnostic interview, was used to screen out potential adolescent participants who met criteria for psychiatric illness. Diagnoses on the KSADS-PL have been shown to yield reliable and valid psychiatric diagnoses in children (Kaufman et al., 1997) .
Duke structured interview for sleep disorder (DSISD).
The DSISD is a semi-structured interview that assesses research diagnostic criteria for sleep disorders (Edinger et al., 2004) . This measure was used to assess sleep disorders in all participants. The DSISD is the only structured interview for sleep disorders that has established reliability and validity (Edinger et al., 2004) .
Sleep diary. The sleep diary is a self-report measure completed upon waking in which participants estimate a number of sleep variables, including total sleep time (TST). The sleep diary is considered the gold standard subjective measure of sleep (Buysse, Ancoli-Israel, Edinger, Lichstein, & Morin, 2006) .
Actigraphy. Actigraphs (Mini Mitter Actiwatch, model
AWLP; Mini Mitter, Bend, OR) are wristwatch-like devices that provide an estimate of an individual's sleep/wake cycle via movement using a sensor, a processor, and memory. Actigraphy has been shown to have good reliability with sleep diaries and has been shown to provide a good estimate of TST in healthy adolescents (Acebo et al., 1998) .
Self-rating scale for pubertal development. The Self-Rating Scale for Pubertal Development is a selfreport measure of pubertal status adapted by Carskadon and Acebo (1993) from the Pubertal Development Scale (Petersen, Crockett, Richards, & Boxer, 1988) . The scale includes items rating physical development that are combined to classify the adolescents' pubertal development. The measure has established validity and reliability ).
Children's Morningness-Eveningness Preferences (CMEP) Scale. The CMEP ) is a 10-item scale adapted from the Horne-Ostberg Morningness-Eveningness Questionnaire (MEQ; Horne & Ostberg, 1976) . The total score ranges from 10 to 43. Cutoff scores based on the two outer quartiles of the CMEP were 27 or lower for evening-type and 32 or higher for morning-type. The CMEP has been shown to have good reliability and validity (Kim, Dueker, Hasher, & Goldstein, 2002 ).
Positive and negative affect schedule for children (PANAS-C). The PANAS-C (Laurent et al., 1999 ) is a 30-item scale with 12 items measuring positive affect (PA) and 15 items measuring negative affect (NA). At each administration, participants rated how strongly they currently felt each item on a 5-point Likert scale, and PA and NA scores were obtained by a sum of ratings for the corresponding items. The PANAS-C has been shown to have good convergent and discriminant validity (Laurent et al., 1999) .
Procedure
Study procedures were approved by the Institutional Review Board of the University of California, Berkeley. All parents provided consent and adolescents provided assent, and all participants were compensated for their time and effort. During the first visit, doctoral student interviewers with previous experience conducting structured clinical interviews administered the K-SADS-PL and DSISD. When clinical parent/child reports were discrepant, any Axis I psychopathology or sleep disorder endorsed by either parent or child rendered a participant ineligible for further participation. Adolescents also completed the Self-Rating Scale for Pubertal Development and the CMEP. Following the first visit, eligible participants kept sleep diaries throughout the study and a portion (66%) also wore actigraphs. There was moderate correlation between actigraphy and sleep diaries (r = 0.52, p < .01). Data analysis was based on actigraphy data when available, and when actigraphy data was not available, sleep diary data was used on the basis that actigraphy and sleep diary data are interchangeable when determining sleep start and end and TST (Werner, Molinari, Sleep deprived condition. This condition took place over two nights. On the first night, participants spent the night at home and were asked to aim for a maximum sleep time of 6.5 hr. Compliance was checked using actigraphy or participants' sleep diary. On the second night, participants reported to the laboratory at 22:00, where they completed a baseline PANAS-C. They were continuously monitored by trained laboratory staff and were permitted to choose from a range of activities (e.g., read, watch movies) to help them stay awake. Snacks were available, but caffeine or other stimulants were not allowed. Exposure to light was not controlled, to mimic real-world conditions. At 03:00 participants were given a 2-hr sleep opportunity until 05:00. Participants each had their own bed in their own room and were monitored by laboratory staff to ensure they were sleeping. All participants slept during the 2-hr sleep opportunity. Throughout the night participants completed the PANAS-C again at 00:00, 02:00, 03:00, 05:00, and 08:00. The rationale for the two-night partial sleep deprivation protocol, as opposed to a night of total sleep deprivation, was threefold. First, because to the best of our knowledge this is the first experimental study of sleep deprivation in adolescents, the consequences of a night of total sleep deprivation in this population were unclear. Second, we were concerned that adolescents would be unable to stay awake to complete the morning PANAS-C after a night of total sleep deprivation; hence, adolescents were given a 2-hr sleep opportunity on the second night. Finally, partial sleep deprivation may more closely mimic real-world conditions experienced by adolescents.
Rested condition. The rationale for the rested protocol was based on findings showing that, although the need for sleep during adolescence is about 9 hr (Carskadon & Acebo, 2002) , the average adolescent only gets 7.5 hr of sleep per night (National Sleep Foundation, 2006) . Participants were asked to extend their habitual sleep time to 8.5 hr for two consecutive nights at home. Compliance was checked using actigraphy and sleep diary data. At 08:00 or 10:00 the morning following the second night, participants came into the laboratory and completed the PANAS-C. A later testing time was necessary to ensure that all participants had an adequate amount of time to spend the required 8.5 hr of time in bed.
Manipulation checks
Sleep deprivation manipulation check. Participants were asked to aim for a maximum sleep time of 6.5 hr on the first night of the sleep deprivation condition (at home). Mean values of total sleep time (TST) on the first night showed that adolescents in the full sample complied with this instruction (see Table 1 ). Furthermore, an independent samples t-test indicated that there was no difference between morning and evening chronotypes on this night, t (22) = 0.23, p = 0.819, g 2 = 0.00 (see Table 1 ). Given that the maximum TST on the second night was 2 hr, over the two nights participants accrued substantial sleep debt relative to habitual TST. Moreover, there were no differences between morning and evening chronotypes in the sleep debt accrued, t (22) = 0.03, p = 0.980, g 2 = 0.00 (see Table 1 ). In sum, these data suggest that the sleep deprivation manipulation was delivered successfully.
Rested manipulation check. Participants in the rested condition were asked to extend their habitual sleep time to 8.5 hr for two nights. An inspection of the mean values in Table 1 reveals that participants' TST was below 8.5 hr An independent samples t-test on average TST of the first and second nights indicated there was no significant difference between morning and evening chronotypes, t (22) = )0.47, p = 0.645, g 2 = 0.00. Furthermore, paired t-tests examining the difference between average TST on the two rested nights and habitual TST yielded no significant results in the full sample, t (45) = 1.81, p = 0.079, g 2 = 0.09, in the morning chronotype group, t (22) = 0.42, p = 0.686, g 2 = 0.00, or on the evening chronotype group, t (22) = 0.36, p = 0.725, g 2 = 0.01. These results suggest that participants were unsuccessful in extending their sleep beyond their habitual sleep, perhaps due to noncompliance or difficulty altering prior habitual sleep patterns (e.g., earlier sleep times may be unachievable for evening-types without specific prior planning or intervention).
Results
Participant characteristics
Characteristics of the full sample as well as the chronotype subsamples are presented in Table 2 . Independent samples t-tests confirmed that there were no significant differences between morning and Table 2 ), or habitual TST, t (22) = 0.08, p = 0.936, g 2 = 0.00 (see Table 1 ). Chisquare tests verified that morning and evening chronotypes did not differ in gender, v 2 (1) = 2.48, p = 0.116, u = 0.32, pubertal status, v 2 (2) = 0.39, p = 0.824, V = 0.44, or race/ethnicity, v 2 (4) = 5.40, p = 0.249, V = 1.16 (see Table 2 ).
Aim 1: sleep deprivation and affect
These analyses were based on the full sample of 47 participants. Participants' PA and NA scores from the PANAS-C completed in the rested and sleep deprived conditions were compared using repeated-measures t-tests. Given that affect appears to vary throughout the day (Hasler, Mehl, Bootzin, & Vazire, 2008) , we used scores from the PANAS-C completed at 08:00 from the sleep deprived condition to match the 08:00 or 10:00 time from the rested condition. Positivity ratios were computed by dividing the total PA score by the total NA score. Mean values are presented in Table 3 .
There was a significant difference in PA, t (45) = 6.45, p = 0.001, g 2 = 0.47, such that participants reported more PA when rested relative to when sleep deprived (see Table 3 ). There was also a significant difference in positivity ratios when participants were rested relative to when they were sleep deprived, t (45) = 5.17, p = 0.001, g 2 = 0.30. Here there was no difference in adolescents' NA when sleep deprived relative to when rested, t (45) = 0.67, p = 0.508, g 2 = 0.01.
Aim 2: sleep deprivation, chronotype, and affect
These analyses were based on participants classified as extreme morning-types or evening-types. Twoway repeated-measures ANOVAs were conducted, one for each of the emotion variables (PA, NA, positivity ratio). Chronotype (morning, evening) was the between-subjects factor and Sleep Condition (rested, sleep deprived) was the within-subjects factor. The PANAS-C completed at 08:00 formed the basis for these analyses for the sleep deprived condition. Mean values are presented in Table 4 . There was a main effect of chronotype for PA, F (1, 23) = 8.07, MSE = 122.83, p = 0.010, g 2 = 0.28, and positivity ratios, F (1, 23) = 8.33, MSE = 0.55, p = 0.009, g 2 = 0.28, but not for NA, F (1, 23) = 0.10, MSE = 7.51, p = 0.757, g 2 = 0.00. There was a main effect of sleep condition for PA, F (1, 23) = 23.24, MSE = 0.17.81, p = 0.000, g 2 = 0.53, and positivity ratios, F (1, 23) = 14.33, MSE = 0.90, p = 0.001, g 2 = 0.41 (see Figure 1 ), but not for NA. There was no significant sleep condition · chronotype interaction for any of the affected variables.
Discussion
The goal of this study was to examine the effects of sleep deprivation and chronotype -two understudied risk factors -on positive and negative affect in adolescence.
As hypothesized, participants reported less PA when sleep deprived compared with when rested. This extends the findings with adults (e.g., Franzen et al., 2008) by providing evidence that adolescents also exhibit decreased positive affect after sleep deprivation. Furthermore, as hypothesized, adolescents exhibited lower positivity ratios when sleep 
Condition
Positivity ratio
Morning Chronotypes
Evening Chronotypes Figure 1 Positivity ratios across sleep conditions deprived relative to when rested. This is an important finding given that the balance between positive and negative emotion may be more indicative of individuals' well-being than independent scores of positive or negative emotion (e.g., Diener, 2000) . Contrary to the hypothesis, there was no change in NA. This is surprising given that previous research has shown an association between sleep deprivation and negative emotion (e.g., Franzen et al., 2008) . It is possible that negative emotion may be amplified after sleep deprivation only in certain contexts. For example, Zohar, Tzischinsky, Epstein, and Lavie (2005) found that sleep loss in adults was associated with a change in negative emotion only when they were in a context that included a goal-disruptive event. In the present study, participants were aware that the purpose of their visit to the laboratory was to remain awake during the night, and they were given freedom to choose their preferred activity for achieving this goal. Hence, it is unlikely that participants in this study experienced events that were goal-disruptive, but an important direction for future research is to control the context in which the sleep deprivation takes place. In addition, note that the variability of participants' NA scores was very small compared with the variability of their PA scores (see Tables 3 and 4 ). The overall low scores in NA may be indicative of a floor effect, and it is possible that the PANAS-C is not a sensitive measure of subjective negative emotion in adolescents. Finally, given that our sample excluded participants with any past or current psychiatric disorders, it is possible that the lack of change in NA between conditions reflects the above-average psychological health of our participants.
We also hypothesized that evening chronotypes would report less PA, more NA, and lower positivity ratios than morning chronotypes, both when sleep deprived and when rested. Consistently, evening chronotypes reported less PA and lower positivity ratios than morning chronotypes in both rested and the sleep deprivation condition. This is a noteworthy finding that extends research on the emotional difficulties associated with evening-type adolescents by including positive emotion as well as the balance between positive and negative emotion, which may be a better indicator of healthy emotional functioning than independent levels of positive or negative emotion (e.g., Diener, 2000) . One interpretation of these findings is that the emotional difficulties experienced by evening chronotypes may not solely be a consequence of insufficient sleep, because even in the rested condition evening chronotypes had significantly lower PA and positivity ratios, but may instead reflect differences inherent to chronotype. For instance, finding an association between an evening chronotype and antisocial behavior in prepubertal adolescents, Susman et al. (2007) suggested that eveningness may represent a dimension of temperament that places individuals with this chronotype at risk for emotional and behavioral problems. Another possibility is that the difficulties evening chronotypes experience may in part stem from conflict between their circadian preference and family and school expectations. However, further research needs to be conducted to examine this possibility.
Inconsistent with the hypothesis and echoing the findings from the first aim, there were no differences in NA between morning and evening chronotypes in either condition. This is unexpected given that previous studies have shown an association between an evening chronotype and negative emotions during adolescence (e.g., Gau et al., 2004) , but as previously stated there are several interpretations for these findings.
The final hypothesis was that both evening and morning chronotypes would exhibit less PA, more NA, and lower positivity ratios when sleep deprived relative to when rested, and this effect would be more marked in evening chronotypes relative to morning chronotypes. As with the larger adolescent sample, evening and morning chronotypes exhibited less PA and lower positivity ratios when sleep deprived relative to when rested, but there was no difference in the magnitude of this effect between chronotypes. Furthermore, there was no difference in NA across the sleep conditions.
To the best of our knowledge, this is the first experimental sleep deprivation study with adolescents. We learned a great deal. Hence, we wish to offer some recommendations based on issues and limitations that arose over the course of this study. First, due to our small sample size it is possible that the nonsignificant differences (e.g., no interaction between sleep condition and chronotype) reflect the small sample size and inadequate power rather than 'no difference.
Second, participants' sleep in the rested condition was below the 9 hr recommended for adolescents (Carskadon & Acebo, 2002) , so it is possible that our results underestimated the emotional consequences of sleep deprivation in adolescents. Future studies should consider conducting the sleep manipulations in a more controlled laboratory setting to ensure adolescents get sufficient sleep. In addition, future studies should include nights of recovery sleep prior to the experimental conditions to dispel any potential effects of accumulated sleep deprivation and to ensure that the emotion ratings reflect the experimental conditions rather than acquired habits. Third, it is possible that self-report measures of emotion may be indexing habits of feeling rather than current feelings. Hence, the inclusion of emotion processing and regulation tasks (e.g., Franzen, Buysse, Dahl, Thompson, & Siegle, 2009 ) would be valuable. Fourth, the fact that some participants did not wear actigraphs introduces an additional measure of variability between sleep diary and actigraphy data in our data analyses. However, we note that the correlation between both measures was good. Finally, data collection for this study took place in the morning, which may have disadvantaged evening chronotypes (Goldstein et al., 2007) . Nevertheless, the suboptimal emotional functioning of evening chronotypes is important because they suggest that evening chronotypes may have impaired mood and functioning at a time when they are expected to be in school.
These findings have important clinical and public health implications. It is vital that the challenges of adolescence are not aggravated by a lack of sleep. Also, it is also possible that an evening chronotype per se (even with sufficient sleep) is a marker of vulnerability. Prevention and intervention efforts can target either sleep or chronotype (most typically both would be targeted: Dahl & Harvey, 2007; Harvey, 2009) . If focused on sleep, the goal would be to promote sleep-enhancing behavior (e.g., teach savoring or imagery rather than worrying and rumination between lights out and sleep onset) and reduce sleep-diminishing behavior (e.g., remove technology from the bedroom). If focused on eveningness, careful and slow planned shifts toward earlier bed and rise times with dim light conditions prior to bedtime and bright sunlight on waking (via developmentall -adapted chronotherapy principles, e.g., Crowley, Acebo, & Carskadon, 2007) may minimize the adverse emotional consequences of sleep deprivation in adolescents. There are also practical implications for school policies. For example, a longitudinal study reported that later high school start times were associated with better academic functioning and lower depressive symptoms (Wahlstrom, 2002) . Given these findings, later school start times will encourage healthy sleep habits, allow for the slight tip toward eveningness during puberty , and help curtail the harmful effects of sleep deprivation on emotional functioning.
